Introduction
In a fashion similar to the case of cored wire, 1) when an aluminium (Al) wire at room temperature is injected into the liquid steel solidifies on itself a layer of the steel from the melt. This layer, referred to as a shell, grows to a maximum thickness and thereafter melts back leaving the original wire (either solid or molten depending on the prevailing thermal condition) surface uncovered. The remaining solid wire surface, if any, then starts melting and finally disperses into the melt.
This formation of steel crust, its subsequent melt back and the melting/dissolution of Al wire depend on various factors. The following mathematical model has been formulated to study the influence of these factors on the melting behaviour of Al wire.
Mathematical Model
The temperature distribution inside the cylinder shaped Al wire, injected at high speed in liquid steel, can be described by a three dimensional steady state heat transfer equation. It is also possible to represent the same heat transfer phenomena by the following one dimensional unsteady state heat conduction equation. An earlier work 1) of this author had detailed the procedure. Equation (1) has been used for the present study and solved with the relevant initial and boundary conditions to determine 1. the temperature distribution inside the Al wire and the solidified shell, 2. the total time taken for the melting of the shell and Al wire. In computing the convective heat transfer from the liquid steel bath to the Al wire, the heat transfer coefficient, i.e., h, from the bath to the shell/wire surface has been deduced from the relevant dimensionless correlations.
6) The relevant physico-chemical properties 6, 7) of Al and steel have been used in the model.
Routes for Aluminium Wire Melting
The wire passes through the molten steel bath when injected in the ladle and freezes a steel layer as the first shell on its surface. The imperfect contact between the wire surface and this shell results in a thermal contact resistance (R T ) between the two. [1] [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] [14] These values for different metal combinations have been derived experimentally, [15] [16] which vary from 1.9ϫ10 Ϫ4 to 9.1ϫ10 Ϫ4 m 2 s K/J. The authors have considered the value as 2.4ϫ10 Ϫ4 m 2 s K/J for the present study. This contact resistance to the heat flow, of course, ceases to exist under two conditions: internal melting (under the cover of steel shell) of the Al wire surface at the wire/shell interface or after complete melting of the shell.
The shell growth occurs due to the large gradient of temperature between the surface and the interior. The first shell grows to a certain maximum thickness until the heat supplied to the surface through convection becomes equal to the heat conducted inside.
With reasonable validation obtained, the mathematical model has been run for several conditions to develop an understanding of the melting behaviour of the Al wire. The results have been analysed and the different routes of melting have been grouped into two broad categories as discussed here. Figure 1 depicts the different stages of these two routes schematically. Mainly the speed of wire injection and the bath superheat (the difference between the liquid bath temperature and the liquidus of the steel bath) dictate these melting behaviours.
Route 1-Formation of (Single) Shell
The shell forms upon immersion of the solid Al wire in the liquid bath (stage A and B of Fig. 1 ). As the convective heat input to the wire is high (in this case) due to the high superheat and/or higher injection speed, this route sees a short (first) shell period (stage C1 and D1 of Fig. 1) ; the duration is not enough for raising the Al wire surface to its melting temperature. Figure 2(a) shows the growth and melting back of the shell under a specific condition of superheat and injection speed which does not allow the melting of the Al wire surface under the cover of the shell. The Al wire finally starts melting once exposed to the liquid steel after complete melting of the shell (stage E1 to H1 of Fig. 1 ). This route experiences a shorter shell period as well as a shorter overall melting time. The travelled distance is thus very low in this case.
Route 2-Formation of a Secondary Shell
In this case too, the (first) shell forms upon immersion of the solid Al wire in the liquid bath (stage A and B of Fig.  1 ). By the time this shell completely melts back, the Al wire surface reaches its melting temperature and starts melting (stage D2 of Fig. 1 ). As a result the contact resistance at the interface disappears and the heat flow from the shell to the colder Al wire increases. This increase in the heat conduction resumes the growth of the shell and thus a secondary shell forms over the partially molten first shell (stage E2 of Fig. 1 ). This phenomenon is observed in case of relatively lower speed and/or lower superheat. Due to the formation of the secondary shell the overall melting time of the Al wire (up to the time when the molten Al is dispersed in the steel bath) is higher which allows higher travelled distance. Figure 2(b) shows the growth and melting back of the shells under a specific condition of superheat and injection speed which allows the formation of secondary shell.
The formation of the secondary shell is a unique phenomenon observed during this study. This has an enormous implication on the efficiency of Al wire injection process under industrial situations. The control of process parameters, as discussed in subsequent sections, to favour the formation of secondary shell, would enable the operator to allow the melting of the wire at the maximum possible depth in the ladle. The utilisation of the Al wire injected in a liquid steel bath would thus be maximised. 
Impact of Process Parameters on Melting Behaviour
The two parameters of the wire which influence the travelled distance are discussed below. The travelled distance is the distance travelled by the wire till it completely melts.
Wire Diameter
If the wire diameter is increased, the total heat requirement for melting of the wire increases as there is more wire mass to be melted. This increase in the heat requirement increases the melting time and thus travelled distance due to higher shell thickness. This effect is clearly evident from Fig. 3 up to the transition point of 'secondary shell' to 'nosecondary shell regime'. The increase in wire diameter increases the travelled distance in this zone. But, beyond this zone the effect is less significant.
It is interesting to note that the transition speed 'P's (as discussed in Sec. 4.2) remains constant with the increase in the wire diameter. This means the effect of wire diameter is evident only if the secondary shell forms.
The insignificant impact of the diameter on the travelled distance in the single shell zone and on the transition point 'P' are due to the presence of the thermal contact resistance during the single shell period which restricts the heat flow in a similar fashion for all diameters. This is a significant finding which shows the increase in wire diameter does not necessarily allow a higher injection speed.
Wire Speed
The effect of speed on the melting time and thus on the travelled distance has been shown in Fig. 4 . As expected, this figure indicates the decrease of the melting time with the increase in speed. However, this decrease in melting time is not associated with the decrease in travelled distance; rather the travelled distance increases with the increase in speed prior to the point 'P'. The point 'P' is the speed where the melting time and travelled distance decrease abruptly due to transition from the 'secondary shell regime' to 'no-secondary shell regime'. This means at speeds prior to the point 'P', conditions with respect to injection speed and superheat are favourable to secondary shell formation whereas after 'P', the speeds are high enough to prevent any secondary shell formation.
At a very high speed (Ͼ150 m/min in this case), the convective conditions in the bath do not allow any significant shell formation and the melting time under such conditions is almost only the time for the bare wire melting. This regime is termed as no-shell regime in our discussion. The exact locations of the speed 'P' and the speed where 'noshell regime' starts, depend on the superheat and wire diameter as discussed in subsequent sections.
Clearly, whether the injected wire will move deeper or not with the increase in speed would be dictated by whether the speed range is within the 'secondary shell regime' or not for the relevant superheat. In the region of speed higher than the point 'P', the increase in the speed will not increases the distance travelled. This is another significant finding. It suggests that depending on the prevailing conditions in a steel shop, an increase in speed may not necessarily help the wire travel nearer to the bottom of the ladle before complete melting of the Al wire.
The impact of steel bath parameters, viz. the superheat and the steel grade, on the melting behaviour has also been studied. Though, the steel grade being processed has no significant impact, 17) the superheat decides the operating window of speed as evident from the following discussion.
Useful Speed Range for Plant Operation
From the above discussion it is established that the operating parameters have an impact on the travelled distance of the wire inside the steel bath. However, the plant operators are interested in the injection speed to be used for the best Al utilisation. Figure 5 depicts the speed range to be used for two different wire diameters to enable the wire melting close to the ladle bottom (i.e. around 3 m depth). The injection speed should lie between the upper and lower speeds as mentioned at a particular superheat. For example, at a superheat of 90 K, the injection speed of 42 to 90 m/min will enable the 12.5 mm diameter wire to melt close to the ladle bottom and hence will ensure maximum possible utilisation of the Al. It is also obvious from figure 5 that the upper speed limit does not increase with an increase in the wire diameter; this can be explained by the constant transition speed from 'secondary shell regime' to 'no-secondary shell regime' as discussed above. However, the speed window as suggested by figure 5 may not be feasible as the lower in- jection speeds demand higher processing times. The increase in the wire diameter is then the only option with the operator to ensure better utilisation of the injected Al wire. Table 1 presents a comparative study of the injection duration at the recommended injection speed for the higher diameter 18) (16 and 18 mm) wires vis-à-vis the injection duration for the conventional 12.5 mm diameter wire injected at 150 m/min speed.
Plant Results
It was planned to carry out trials at online purging (OLP) stations of LD#2 of Tata Steel. At OLP the Al wire is injected at a speed of 150 m/min. As the superheat is maintained around 100 K or more, the conditions are certainly not favourable for maximum utilisation of Al as predicted by the model. Hence, it was decided that during trials the following changes in the operating parameters would be made to make the condition favourable for monitoring the utilisation of Al under such conditions: 1. Superheat to be kept around 100 K or less and 2. Injection speed to be kept at 70 m/min.
A total of 52 trial heats were made; half of which with the favourable operating conditions and rest half with the existing unfavourable conditions. The liquid steel samples were collected at the end of two minutes inert gas stirring through top lance after wire injection. The samples were analysed and the overall Al utilisations were calculated. The results are furnished in Fig. 6 . The expected higher %utili-sation in case of favourable condition is clearly evident from this figure. The average %utilisation of Al has increased by 10 % in case of injection conditions with favourable parameters (Fig. 6 ).
Conclusions
(1) A mathematical model was developed to study the behaviour of aluminium wire injected into the molten steel bath. The model can be utilised to assess the influence of various factors on the utilisation efficiency of aluminium injection and thus arrive at the optimum operating condition to achieve maximum utilisation.
(2) The model revealed that melting of the wire in the liquid steel bath could take place through two different routes viz. with formation of a secondary shell or without formation of the secondary shell, depending on the operating parameters. Formation of the secondary steel shell was found to be beneficial since it delayed the wire melting process and thereby allows the wire to penetrate deeper into the melt. 
